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• Superconducting Linacs and Their Applications 
• Mo-99 Production from LEU 

– Intense Neutron Source 
– Uranium Targets  
– Radiochemistry  
– Uranium Recycling 

• Business Plan 
• Licensing (NRC and State of Michigan) 
• Niowave Facilities 



Why Superconducting? 
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• 106 lower surface resistance than copper 
– Most RF power goes to electron beam 
– CW/continuous operation at relatively high accelerating 

gradients >10 MV/m 
 
 
 

• For commercial electron linacs the minimum costs for 
a system occur around: 
– 300-350 MHz (multi-spoke structures) 
– 4.5 K (>1 atmosphere liquid helium) 
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Superconducting Electron Linac [1] 
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Superconducting Electron Linac [2] 
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Superconducting Electron Linac [3] 

7 

Electron Source 

Superconducting 
Cryomodule 

Recirculating Arc 

Electron Beam Path  
(shown in red) 



Turnkey Linac Subsystems [1] 
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Cryomodules 

Superconducting cavities 
in specialized geometries 
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Turnkey Linac Subsystems [2] 
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Turnkey Linac Subsystems [3] 
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Commercial 4 K refrigerators 
(rugged piston-based systems, 

100 W cryogenic capacity) 
Solid-state and 

tetrode RF 
amplifiers 

(up to 60 kW) 



Conceptual Design 
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Intense Neutron Source [1] 
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Intense Neutron Source [2] 
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Breaking radiation 
(bremsstrahlung 
photons): 



Intense Neutron Source [3] 
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Lead-Bismuth 
Eutectic (PbBi): 
 
• High conversion 

efficiency (Z=82,83) 
• Low melting point 

(124°C)  
• High boiling point 
• (1670 °C) 



Intense Neutron Source [4]  
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PbBi source intensity & flux: 
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Uranium Targets [1] 

16 

Core 

Be 
H2O 

H2O 

Be 

LEU mass < 10 kg 

Mass of each rod < 100 g 

Number of rods ~ 90 

E-beam power 80 MeV, 400 kW 

Neutron source ~ 1015 n/s 

Peak thermal neutron flux ~ 2x1013 n/cm2*s 

Fission power 266 kW 

k-value 0.95 

Time of irradiation 1 week 

U-235 burnup ~ 0.02% 

U-235 fissioned ~ 1.7 g/week 

Mo-99 activity at the EOB ~ 9 kCi 

Total FF activity at the EOB ~ 320 kCi 

Total actinide activity at the EOB ~ 43 kCi 



Uranium Targets [2] 

• Natural and LEU targets 
– Clad for containment of fission fragments 
– Metal and oxide 

• LEU Acquisition 
– Y-12/NNSA 
– Commercial Suppliers 
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Uranium Targets [3] 

18 

Fission 
fragment T1/2(h) Activity 

(kCi/week) 

FF Activity Inventory (kCi) 

EOB 24 hours 3 days 

Mo-99 65.9  9.1 

~320 ~73 ~38 
I-131 192.5 2.4 

Xe-133 125.8 7.3 
Sr-91 9.6 10.5 
Sr-92 2.7 10.7 

• E-beam: 80 MeV 400 kW 
• k=0.95 
• LEU core: <20%, <10 kg 
• Irradiation: 1 week 



Uranium Targets [4] 
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Radiochemistry [1] 

• Twelve rods will be processed daily 
• Mass of each LEU rod – 99g 

– If the batch mass is less than 100 g of <20% LEU (<20 g 
U-235), then Part 30 Byproduct from accelerators applies 

• Produce up to 9,000 Ci/wk (1,500 6-day Ci/wk) 
• Extraction of Mo-99 and other isotopes using LEU 

modified Cintichem process 
• Standard Tc-99m generators 

– Capable of using the existing supply chain 
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Radiochemistry [2] 

• Radiochemistry facility recently completed at Niowave 
– Niowave staff trained under ANL supervision 
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Radiochemistry [3] 
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Radiochemistry [4] 
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Uranium Recycle 

• Extract uranium for reuse  
– LEU modified UREX process 

• Waste will be solid 
– Class A-C 
– Shipped to LLW/HLW repositories 
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Business Plan [1] 

• Mo-99 by itself is NOT commercially viable  
– due to foreign subsidies of reactors and operations 

• Other isotopes and radiopharmaceuticals have 
adequate profit margin for commercial viability 

• Recycle of LEU further improves viability 
• 10 year development plan to full scale production 

– Investment from other applications of the superconducting 
accelerator & partners 

– Could expedite with government support 
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Business Plan [2] 
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* Presented to the National Academies Mo-99 Committee,  
   Washington DC [Nov 2015] 
  

Projected revenue CY2021 CY2026 
Fraction of US Mo-99 market 5% 25% 
Mo-99 revenue 7.5 37.5 
Other isotopes 7.5 75 
Other sources (n, x-ray, etc.) 10 20 

TOTAL(M$) 25 132.5 



Licenses Possessed [1] 

• State of Michigan:  
– Licensed to operate 

multiple electron linacs 
• Plan approved up to        

40 MeV 100 kW 

– License number  
• PR-2013-0346 
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Licenses Possessed [2] 
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NRC: Source Material 
• Licensed to possess, 

machine, and distribute DU, 
natU, 232Th  

• License number 21-35145-01 



Licenses Possessed [3] 
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NRC: LEU & Radioisotopes 
• Licensed to produce, possess 

and transfer  certain 
radioisotopes, as well as 
special nuclear material 

• License number 21-35144-02 
 



Press Release - Oct 26, 2015 

• In September 2015 Niowave 
became the first domestic 
company in over 25 years to 
make Mo-99 from uranium 
– Without HEU or a nuclear reactor 
 

“Today’s announcement is a great example of the 
importance of public-private partnerships that help 
Michigan companies make new discoveries…” 

  Senator Debbie Stabenow 
“I have had the opportunity to tour Niowave… and 
am proud that this growing industry is thriving in 
our state.”      Senator Gary Peters 
“Niowave’s latest findings underscore the role 
Michigan plays as a world leader in cutting-edge 
research and innovation.” 
 Congressman Mike Bishop 
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Licensing Plan 

• Existing NRC materials license 
– Limits quantity of LEU and radioisotopes, as well 

as form (solid, powder, liquid, gas) 
– Increase quantities and forms through amendments 

to existing license as technical and financial 
milestones are met 

• Financial assurance required for license 
– Decommissioning plan and surety bond 
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Niowave Facilities 

Lansing, Michigan Headquarters 

75,000 square feet 
- Engineering & design 
- Machine shop 
- Fabrication & welding 
- Chemistry facility  
- Class 100 Cleanroom 

Test Facilities (2) 
- Cryogenic test lab 
- Two operating 100 W cryoplants  
- 3 MW available at each location 
- Licensed to operate up to 40 MeV 

and 100 kW 
 



Headquarters Test Facility 
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The high-power test facility at Niowave headquarters allows 
parallel development on multiple superconducting linacs 
• 3 MW electrical power available 
• three below-grade trenches for source and cavity testing 
• two shielded tunnels for beam operation up to 40 MeV, 100 kW 



Fall 2015 

Niowave Airport Facility 
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• Production & processing facility 
• Occupancy Jan 2015 
• 24/7 operation 
• Isotopes, x-rays, etc. 

• Lansing International Airport 
• Foreign Trade Zone 

Fall 2014 



Summary 

• Sept 2015 first domestic Mo-99 production at Niowave  
• Sodium molybdate (Na2

99MoO4) available commercially 
– mCi quantities early 2017 
– Ci quantities late 2017 

• Other isotopes available (same time frame) 
– I-131, Xe-133, FF, etc. 
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